Sleep is restorative, whereas reduced sleep leads to negative health outcomes, such as increased susceptibility to disease. Sleep deprivation tends to attenuate inflammatory responses triggered by infection or exposure to endotoxin, such as bacterial lipopolysaccharide (LPS). Previous studies have demonstrated that Siberian hamsters (Phodopus sungorus), photoperiodic rodents, attenuate LPS-induced fever, sickness behavior and upstream pro-inflammatory gene expression when adapted to short day lengths. Here, we tested whether manipulation of photoperiod alters the suppressive effects of sleep deprivation upon cytokine gene expression after LPS challenge. Male Siberian hamsters were adapted to long (16h:8h light:dark) or short (8h:16h light:dark) photoperiods for >10weeks, and were deprived of sleep for 24h using the multiple platform method or remained in their home cage. Hamsters received an intraperitoneal injection of LPS or saline (control) 18h after starting the protocol, and were killed 6h later. LPS increased liver and hypothalamic interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF) gene expression compared with vehicle. Among LPS-challenged hamsters, sleep deprivation reduced IL-1 mRNA levels in liver and hypothalamus, but not TNF. IL-1 attenuation was independent of circulating baseline cortisol, which did not increase after sleep deprivation. Conversely, photoperiod altered baseline cortisol, but not pro-inflammatory gene expression in sleep-deprived hamsters. These results suggest that neither photoperiod nor glucocorticoids influence the suppressive effect of sleep deprivation upon LPSinduced inflammation.
INTRODUCTION
Sleep is generally viewed as a restorative process, and its curtailment or suspension induces cognitive, metabolic, immunological and inflammatory impairments in humans (Simpson and Dinges, 2007; Mullington et al., 2009; Faraut et al., 2012) as well as other animal species [e.g. bees (Beyaert et al., 2012) , songbirds (Jones et al., 2010) , rodents (Zager et al., 2007; Zager et al., 2012) ]. A growing body of experimental and epidemiological studies has demonstrated that sleep loss induces alterations in the immune system that predispose individuals towards disease (Faraut et al., 2012) .
Although the underlying mechanisms that link sleep loss to pathological outcomes are not fully understood, there is mounting evidence that pro-inflammatory mediators are involved (Simpson and Dinges, 2007; Mullington et al., 2009; Faraut et al., 2012) . Reduced or disordered sleep creates a low-grade inflammatory environment that involves local and peripheral release of proinflammatory cytokines, such as interleukin-1 (IL-1), IL-6 and tumor necrosis factor-alpha (TNF) (Irwin et al., 1996; Frey et al., 2007; van Leeuwen et al., 2009) . Even a single night of partial sleep loss can induce a rapid increase in nuclear-factor-kappa B activity, the transcription factor that promotes pro-inflammatory gene expression (Irwin et al., 2008; Irwin et al., 2010) . Alternatively, during an infection or inflammatory challenge, such as bacterial lipopolysaccharide (LPS) exposure, sleep deprivation attenuates cellular immunity (Zager et al., 2012) , alters sickness behavior (Zager et al., 2009 ) and suppresses pro-inflammatory mRNA expression in the periphery and brain (Weil et al., 2009) . A common feature of sleep loss is activation of the hypothalamic-pituitaryadrenal axis (Meerlo et al., 2002) , which leads to a moderate and transient elevation in circulating glucocorticoids. However, it remains unspecified whether changes in immune function are directly mediated by these immunomodulatory hormones (Redwine et al., 2000; Bryant et al., 2004) .
It is well documented that sleep and immune function vary on a seasonal basis (Wehr, 1991; Nelson and Demas, 1996) . Animals inhabiting non-tropical regions use photoperiod (day length) as a reliable and predictive environmental cue to synchronize physiology and behavior with daily and annual geophysical cycles. For example, most vertebrates, including humans, exhibit fluctuations in the prevalence of particular diseases over the year (Nelson, 2004) . These seasonal trends are not governed solely by pathogen dynamics because seasonal changes in host immune function can be recapitulated in captivity by manipulating photoperiod (Nelson and Demas, 1996; Nelson et al., 2002; Nelson, 2004; Martin et al., 2008) . This modulation typically involves immunoenhancement upon exposure to short days to presumably anticipate energetic stressors and increased susceptibility to disease during winter. By contrast, inflammatory and febrile responses are sufficiently expensive to produce that their suppression is favored during the energetically demanding conditions of winter . Similarly, the duration, distribution, intensity and overall quality of sleep is affected by season, with total sleep time increasing, sleep onset advancing and/or the amplitude of electroencephalographic (EEG) waves decreasing in winter compared with summer (Wehr, 1991; Deboer and Tobler, 1996; Jones et al., 2010) .
Less understood is the effect of photoperiod upon immune-sleep interactions. A recent study demonstrated that photoperiod alters how sleep is affected by immune challenge in Siberian hamsters [Phodopus sungorus (Pallas 1773)], with short days increasing the duration and intensity of slow-wave sleep after exposure to LPS (Ashley et al., 2012) . However, to our knowledge, the reciprocal interaction, the effect of photoperiod on inflammatory responses under conditions of sleep deprivation, has not been examined.
The aim of this study was to determine whether photoperiod alters the suppressive effect of sleep deprivation on endotoxin-induced inflammation. Specifically, pro-inflammatory cytokine gene expression was measured in the periphery and brain following intraperitoneal injection of LPS. Past studies in Siberian hamsters have demonstrated that short day lengths attenuate febrile and behavioral responses to peripheral or central injection of LPS Fonken et al., 2012) , and IL-1 and TNF mRNA expression in the hypothalamus is correspondingly blunted (Pyter et al., 2005) . In addition, short days decrease EEG power density (a measure of intensity), but do not affect total duration of sleep (Deboer and Tobler, 1996) . Given the photoperiodic difference in EEG intensity, it is conceivable that short-day-adapted hamsters are less susceptible to the effects of sleep deprivation compared with long-day-adapted hamsters. Thus, we predicted that short days would diminish the suppressive effects of sleep deprivation upon proinflammatory gene expression after LPS challenge.
MATERIALS AND METHODS Animals
Ninety male adult Siberian hamsters were used from our breeding colony. After weaning at 21-24days of age, males were housed individually in polypropylene cages (27.8×7.5×13cm) at an ambient temperature of 21±2°C, which is within the thermoneutral zone of this species (Heldmaier and Steinlechner, 1981) . Hamsters were then assigned to either a reverse long photoperiod (LP; 16h:8h light:dark, lights on at 22:00h; N=40) or a reverse short photoperiod (SP; 8h:16h light:dark, lights on at 06:00h; N=50) for >10weeks. Twenty percent of hamsters adapted to SP (N=10) were considered reproductively non-responsive to photoperiod because testes mass was greater than 2 standard deviations below the average paired testes mass of hamsters exposed to LP. This value ranges between 15 and 30% in previous studies (Puchalski and Lynch, 1986; Nelson, 1987) and probably reflects the current genetic make-up of our colony. These non-responding hamsters were removed from the study. 
Sleep deprivation
To deprive hamsters of sleep, the multiple platform procedure was used (Machado et al., 2004) . Briefly, this method involves placing animals in polycarbonate cages that have six circular PVC caps (1inch diameter) acting as platforms, which were affixed to the bottom of the cage using PVC cement. Platforms were spaced apart to prevent hamsters from sleeping across them. Tap water was added to the cage to partially submerge the platforms and warmed by a heating pad underneath the cage in case hamsters came into contact with water. Food and water were available ad libitum in these modified cages.
To assess the effect of sleep deprivation upon inflammatory responses, half of the LP and SP hamsters (N=20, both groups) were subjected to 24h of sleep deprivation starting at 14:00 (lights off). The remaining hamsters were not deprived of sleep; they were briefly handled and then returned to their home cage. Use of home cage as the control condition (Weil et al., 2009; Zager et al., 2009) ensures that sleep deprivation is not occurring.
Lipopolysaccharide challenge
After 18h (08:00 the next day), SP and LP hamsters that were sleepdeprived and non-sleep-deprived received an intraperitoneal injection of either bacterial LPS [25μg or ca. 0.83mgLPSkg
bodymass (in a 35g hamster); serotype 026:B6, Sigma-Aldrich, St Louis, MO, USA] dissolved in 0.9% saline, or 0.9% saline (vehicle). Hamsters were then returned to their respective cages (modified platform cage or home cage).
Tissue collection
At 6h post-injection (14:00, lights off), hamsters were deeply anesthetized with isoflurane vapors and blood was collected from the retro-orbital sinus and placed on ice. This sample was obtained <3min of initial handling. Hamsters were then killed by rapid decapitation, and liver, brain and reproductive tissues were collected. Body mass was not ascertained because some of the sleep-deprived hamsters had wet pelage, which skewed body mass measurements. Liver was immediately frozen on dry ice and stored at −80°C whereas brain was stored in RNAlater (Life Technologies, Grand Island, NY, USA) at 4°C. Blood was centrifuged for 30min at 3000g, and plasma was drawn off with a pipette and stored at −80°C for later analysis. The hypothalamus was dissected from each brain and also stored at −80°C.
RNA extraction
Total RNA was extracted from hypothalami and liver using an RNeasy Micro Kit (#74106, Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. A Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to quantify the concentration of total RNA. The Moloney Murine Leukemia Virus (M-MLV) Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, USA) was used to synthesize cDNA from 1μg of total RNA. The cDNA was stored at −80°C before use.
Real-time PCR
Amplification was performed on an ABI 7500 Fast Real-Time PCR system using Taqman Universal PCR Master Mix (Life Technologies). Amplification conditions involved universal two-step real-time PCR cycling: 50°C for 2min, 95°C for 10min followed by 40 cycles of 95°C for 15s, and 60°C for 1min. We used IL-1 and TNF primers and probes that were previously reported from our laboratory (Pyter et al., 2005) . Cytokine probes were labeled with the fluorescent reporter dye 6-FAM at the 5′ end and the Inflammation in sleep-deprived hamsters quencher MGB at the 3′ end: IL-1β forward 5′-CCAAGG -CCACAGGTATCTTGTT-3′, IL-1β reverse 5′-ACCTCAATGG -ACAGAATATAAACCAA-3′, IL-1β probe 5′-CCTGTACAAA -GCTCATG-3′, TNFα forward 5′-GAGCCAGCGTGCGAATG-3′, TNFα reverse 5′-AGCTGGTT GTCCTTGAGAGACAT-3′, TNFα probe 5′-CCTCCTGGCC AATGG-3′. Samples were run in duplicate and relative gene expression was calculated by comparison with a standard curve consisting of serial dilutions of pooled cDNA (1:1, 1:10, 1:100, 1:1000, 1:10,000) followed by normalization to 18s rRNA levels, which were measured using a Taqman primer and probe set (labeled with VIC; Life Technologies).
Radioimmunoassay
Cortisol is the main circulating glucocorticoid in Siberian hamsters (Reburn and Wynne-Edwards, 1999) . Concentration in plasma was measured using a Cortisol 125 I radioimmunoassay kit (ImmuChem Coated Tube, MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer's protocol. Intra-assay variation was 9.4% and the minimum detection limit was 1.19ngml -1 .
Statistical analysis
A three-way multi-factorial ANOVA was conducted to examine main effects of photoperiod (LP versus SP), sleep deprivation (deprived versus non-deprived), treatment (LPS) or vehicle [saline (SAL)] and their interactions upon reproductive organ mass, IL-1 and TNF gene expression in the liver and hypothalamus, and baseline cortisol concentration in blood plasma. Logarithmic transformation was necessary to satisfy assumptions of homogeneity of variances when analyzing IL-1 and TNF gene expression data. If significant effects or interactions were detected, then Tukey-Kramer post hoc tests were conducted to evaluate specific differences among groups. The α level was set at 0.05, and all values were expressed as means ± s.e.m.
RESULTS

Reproductive tissue mass
Reproductive tissue and epididymal fat pad masses were significantly greater in LP compared with SP hamsters (Table1). Neither sleep deprivation nor endotoxin treatment significantly affected this difference (Table1).
IL-1 gene expression
LPS treatment significantly increased IL-1 mRNA expression in both liver and hypothalamus compared with saline-injected controls (log-transformed data: liver, P<0.05; hypothalamus, P<0.05; Fig.1A,C ). There were significant interactions between treatment and sleep state (deprived or non-deprived) for IL-1 expression in the liver and hypothalamus (P<0.05). Specifically, sleep-deprived hamsters injected with LPS displayed reduced levels of IL-1 mRNA compared with non-sleep deprived hamsters injected with LPS; however, among saline-injected hamsters, IL-1 mRNA was not affected by sleep state (Tukey-Kramer tests, non-sleep-deprived + LPS > sleep deprived + LPS > non-sleep-deprived + SAL = sleep deprived + SAL, P<0.05; Fig.1A,C) . Other effects or interactions examined were not statistically significant.
TNF gene expression
LPS significantly elevated levels of TNF mRNA in both liver and hypothalamus compared with saline-treated controls (logtransformed data, P<0.05; Fig.1B,D) . There was a significant effect of photoperiod upon hypothalamic TNF gene expression (P<0.05), with SP hamsters, on average, exhibiting decreased levels of TNF mRNA compared with LP hamsters (Tukey-Kramer test, P<0.05). Other effects or interactions examined were not statistically significant.
Plasma cortisol
Plasma cortisol concentration was not elevated by 24h of sleep deprivation (Fig.2) . Photoperiod significantly influenced baseline cortisol levels (P<0.05), and this difference was not dependent upon sleep state or injection type (Fig.2) 
DISCUSSION
This study provides molecular evidence that sleep deprivation suppresses IL-1-dependent pathways that trigger inflammation in the periphery and hypothalamus, an important area in the brain that regulates the acute phase response to infection (Blatteis, 1988; Guijarro et al., 2006) .
Sleep deprivation suppresses peripheral and hypothalamic IL-1 gene expression following endotoxin treatment
These results are consistent with previous research in mice that has documented suppression of the inflammatory responses to an immunogen after 48h of sleep deprivation using the same modified platform method (Weil et al., 2009) . Although LPS treatment elevated TNF mRNA levels in the liver and hypothalamus compared with saline injection, sleep deprivation did not attenuate this increase, which implies that TNF-mediated inflammation is less sensitive to the immunosuppressive effects of sleep deprivation compared with IL-1. Alternatively, the temporal dynamics of suppression may have differed between TNF and IL-1, such that TNF suppression occurred, but at a different time point that was not assessed in this study. This possibility is not supported by a previous study in female Siberian hamsters that reported similar temporal profiles of IL-1 and TNF mRNA expression after LPS challenge, with maximum levels occurring 6h after injection (Pyter et al., 2005) . Among humans, sex differences in inflammatory responses after one night of sleep loss are apparent (Irwin et al., 2010) . Whether such sex differences occur in Siberian hamsters and other rodents remains unspecified.
Although a reduction in IL-1 gene expression following sleep loss was not associated with glucocorticoids in this study, other components of the neuroendocrine response to stress, such as corticotropin-releasing hormone, adrenocorticotropic hormone or catecholamines, have immunoregulatory functions and could conceivably alter pro-inflammatory cytokine activation (Meerlo et al., 2002; Andersen et al., 2005) . Additional candidates that deserve further study and are not directly involved with the stress response are growth hormone, leptin and ghrelin. These metabolic hormones regulate the immune system (Hattori, 2009; Baatar et al., 2011; Carlton et al., 2012) but are also altered by experimental sleep loss (Mullington et al., 2009 ).
In the absence of real or simulated infection, acute and chronic sleep loss has been demonstrated to increase local and peripheral levels of pro-inflammatory cytokines, which is thought to contribute to the etiology of diseases associated with chronic low-grade inflammation (Simpson and Dinges, 2007; Mullington et al., 2009) . However, in this study, 24h of sleep deprivation did not increase cytokine expression among saline-injected hamsters. This result suggests that the immune systems of Siberian hamsters are less prone to the pro-inflammatory effects of acute sleep deprivation than other species. Additional studies that increase sleep duration and measure other inflammatory mediators associated with low-grade inflammation (plasma cytokines, C-reactive protein, etc.) in Siberian hamsters would be useful to better understand the temporal dynamics of the inflammatory response to sleep loss. Furthermore, suppression of IL-1 gene expression in the hypothalamus from sleep deprivation could be influenced by microglial activation in the central nervous system. Microglia have been shown to promote inflammation in the central nervous system (Liu and Hong, 2003) . These cells assume an activated state when induced by LPS and rapidly produce proinflammatory cytokines, such as IL-1, IL-6 and TNF (Hanisch, 2002) . The influence of sleep loss upon microglia-induced neuroinflammation is poorly understood (Wisor et al., 2011) , and represents a promising area of research.
Lack of photoperiodic effects
The original hypothesis that exposure to short days attenuates suppression of LPS-induced inflammatory responses following sleep deprivation compared with long days was not supported. Photoperiod did not affect IL-1 or TNF mRNA expression in the The Journal of Experimental Biology 216 (14) liver or hypothalamus in sleep-deprived hamsters, which implies that sleep deprivation is equally effective at suppressing IL-1-dependent inflammation under different photoperiods. This result cannot be attributed to variation in responsiveness to photoperiod because SP hamsters had significantly lower reproductive organ and fat pad masses than LP hamsters, which demonstrates that photoperiod manipulations were effective. In addition, hamsters that were reproductively non-responsive to SP were excluded from the experiment. Although SP hamsters display extended nocturnal activity periods and reduced EEG intensity compared with LP hamsters (Deboer and Tobler, 1996; Warner et al., 2010) , duration of sleep is not correspondingly shortened (Deboer and Tobler, 1996; Deboer et al., 2000; Ashley et al., 2012) . As is the case with most nocturnal rodents, Siberian hamsters exhibit a seasonal shift in timing, distribution and consolidation of sleep, but the total daily duration remains unchanged (Franken et al., 1995; Deboer and Tobler, 1996; Deboer et al., 2000; Ashley et al., 2012) . This suggests that hamsters adapted to LP and SP are responding similarly to sleep deprivation because their durations of normal sleep in a 24h period are equivalent and their homeostatic responses to acute sleep deprivation (4h) are similar (Deboer and Tobler, 1996) .
Among non-sleep-deprived hamsters, there was a significant effect of photoperiod upon hypothalamic TNF gene expression, with SP hamsters displaying lower levels than LP hamsters. It has been previously shown that short photoperiods attenuate hypothalamic IL-1 and TNF mRNA levels in female hamsters relative to long photoperiods (Pyter et al., 2005) . As discussed, because our study used male hamsters, it is possible that a lack of photoperiodic differences in IL-1 pro-inflammatory gene expression can be attributed to sexual differences in temporal dynamics of the inflammatory response (Irwin et al., 2010) . Testing this hypothesis in hamsters will require further study.
Photoperiodic differences in inflammatory responses appear to be partially regulated by the pineal hormone melatonin . Because melatonin is produced and secreted at night, hamsters adapted to SP (and thus long nights) display increased nightly duration of melatonin secretion compared with hamsters adapted to LP (short nights). Furthermore, melatonin injections timed to mimic the short-day profile of melatonin secretion reduces LPSinduced fever in long-day-adapted hamsters, which suggests an inhibitory action of melatonin upon LPS-induced inflammation . Because total sleep deprivation or chronic sleep restriction tends to blunt or interfere with melatonin rhythms (Zeitzer et al., 2007; Rogers and Dinges, 2008) , it is conceivable that this dysregulation could have negated the antiinflammatory effect of melatonin in SP hamsters, leading to a lack of photoperiodic differences in pro-inflammatory gene expression. An investigation into the effect of sleep deprivation upon daily melatonin profiles in relation to photoperiod is necessary to further assess this hypothesis.
Suppression of peripheral and hypothalamic inflammation independent of cortisol
Deprivation of sleep for 24h using the modified multiple platform method did not increase baseline cortisol concentration compared with non-sleep-deprived hamsters despite an effect of sleep deprivation upon cytokine gene expression. This result is consistent with studies in rats that demonstrate elevation of baseline glucocorticoid concentrations after 48h of sleep deprivation or 7days of sleep restriction, but not after 24h of sleep deprivation using the modified multiple platform method (Zager et al., 2007) .
These results provide evidence that the suppressive effects of sleep loss upon LPS-induced inflammation are not mediated by glucocorticoids. Although several studies have implicated stress hormones as an important mediator of homeostatic and immunologic functions during dysregulated sleep (Meerlo et al., 2002; Andersen et al., 2005; Faraut et al., 2012) , other studies have reported a lack of an association between immune function and circulating glucocorticoids following sleep loss (Born et al., 1997; Redwine et al., 2000; Bryant et al., 2004; Zielinski et al., 2012) . In addition, blocking glucocorticoid receptors using mifepristone does not alter the suppressive effect of sleep deprivation upon LPS-induced proinflammatory gene or protein expression (Weil et al., 2009) .
Photoperiod altered baseline cortisol levels irrespective of endotoxin treatment and regardless of whether hamsters were sleep deprived. Among vertebrates, LPS stimulates a rapid activation of the hypothalamic-pituitary-adrenal axis, which results in an elevation of glucocorticoid concentrations that reach maximum levels 1-2h after injection, and then rapidly decline Owen-Ashley et al., 2006) . Because blood samples were collected 6h after LPS injection, it is likely that this sampling time did not capture the LPS-induced rise in cortisol. SP hamsters had higher baseline cortisol than LP hamsters, and this photoperiodic difference in Siberian hamsters has been demonstrated in previous studies Pawlak et al., 2009 ), but not in others (Weil et al., 2007; Prendergast et al., 2009; Walton et al., 2012) . Reasons for these discrepancies are unclear, but could be related to housing conditions or differences in experimental methodology, as baseline concentration should reflect energy balance.
Conclusions
Photoperiod had no effect upon the suppressive effect of sleep deprivation upon IL-1 gene expression in the periphery or hypothalamus, and sleep deprivation did not alter TNF mRNA levels among LPS-challenged hamsters. Furthermore, baseline cortisol was not elevated after 24h of sleep deprivation, suggesting that this immunomodulatory hormone is not involved in mediating the suppression of the inflammatory response in sleep-deprived hamsters. Lastly, understanding the precise mechanisms that underlie altered inflammation during reduced or absent sleep will help elucidate new therapies to treat emerging diseases and syndromes associated with chronically sleep-deprived populations. 
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